Abstract-In this paper, we have demonstrated a viable microstrip array patch antenna technology for the first time on GaN-on-low resistivity silicon (LR-Si) substrates ( < 40 .cm) at H-band frequencies (220-325 GHz). The developed technology is compatible with standard MMIC technology with no requirement for high temperature processes. To mitigate the losses presented by the substrate and to enhance the performance of the integrated array antenna at THz frequencies, the driven patch is shielded by silicon nitride and gold layer in addition to a layer of benzocyclobutene (BCB). The demonstrated 4×1 array integrated antenna showed a measured resonance frequency in agreement with our simulation at 0.27 THz; a measured S11 as low as -41 dB was obtained. A directivity, gain and radiation efficiency of 11.2 dB, 5.2 dB, and 20% respectively was observed from the 3D EM model for a 5 μm BCB inset. To the authors' knowledge, this is the first demonstration of a THz integrated microstrip array antenna for TMIC technology; this developed technology is promising for high performance III-V electronic material on low resistivity/high dielectric substrates.
I. INTRODUCTION
Hz technology has many applications in imaging and sensing, spectroscopy, astronomy and communications. The short wavelength of THz frequencies allows for unique spectral interaction with matter and can achieve high resolution imaging [1] . Recent interest in new emerging applications is motivated by advances in high-speed semiconductor devices and nano-technology; which has enabled the advent of TMIC [2] . The advantage of using III-Nitride based material devices, such as higher power density and power added efficiency makes it more suitable than other material systems such as GaAs, InP or Si. The potential use of GaN HEMTs grown on LR Si offers the advantage of cost-efficiency and large diameter wafers making manufacturing of GaN-on-LR Si potentially competitive with existing high-resistivity (HR) Si and SiC technologies.
At frequencies above 220 GHz, designing high-Q passive components, including integrated antennas, introduces additional challenges as the wavelength becomes comparable with the substrate thicknesses [3] . To capitalize on the advantages of GaN on LR Si for millimeter-wave and THz applications, a technology with minimal substrate coupling is required. Insertion of a low-loss/low dielectric constant layer of BCB as an insulator has proven to be a successful technique for substrate coupling reduction [4] .
In this work we report on the design, fabrication, and characterization of integrated 4×1 array antennas on GaN-onLow resistivity silicon using BCB as an insert layer.
II. MATERIAL AND ANTENNA TECHNOLOGY The study was performed on a GaN-based material structure that could be used to realize AlGaN/GaN HEMTs. The epitaxial layers were grown by Metal-Organic Chemical Vapor Deposition (MOCVD) on 675 μm thick LR ( < 40 .cm) Ptype Si (111) substrates. The layer stack, from the substrate up, consists of a 250 nm AlN nucleation layer followed by a 850 nm Fe-doped AlGaN graded buffer to accommodate the lattice and thermal expansion mismatch, a 1.4 μm insulating GaN buffer and channel layer, a 25 nm Al0.25Ga0.75N barrier and a 2 nm GaN cap. Epitaxial layers and growth procedure are detailed in [5] .
All levels of fabrication were realized using optical lithography and all steps required to realize the transmission media are compatible with standard MMICs technology. As in a standard MMIC process, passive devices were fabricated on the mesa floor, where the transistor active region (the upper two layers) were etched away.
The proposed integrated antenna in this work was fabrication at the James Watt Nanofabrication Center (JWNC) at the University of Glasgow. The fabrication process of the intended integrated antenna in this work was initially started by depositing a 200 nm Si3Ni4 on GaN-on-LR Si using ICP-CVD deposition tool. This was followed by the Ti/Au (50/600nm) deposition using an electron beam evaporator that forms the ground plane as well as the shielding for the antenna. Next, BCB was spun and fully cured to achieve a thickness of 5 μm. To create CPW-pads via-holes, BCB was etched down to the ground plane using plasma RIE and then (Ti/Au) (50/600nm) was evaporated to form the driven patch and feed line.
III. 3-D ANTENNA DESIGN Fig.1 shows the 3-D schematic of the proposed 4×1 array antenna. Here, each rectangular antenna has the same dimension as the above single element (W=372 μm, L= 333 μm) [6] and they are combined together to create an array and to increase the overall performance of the antenna. The spacing between the antennas was chosen to be 0.13 0 to avoid radiation known as grating lobes in other directions than the broadside direction i.e., =0. This is caused by spacing the individual antenna more than 0 /2 distance apart. In this work, array patches are excited using a corporate feed network. This network involves three T-junction power splitters based on transmission line theory to obtain the precise magnitude and phase distribution for each antenna. In addition, the corporate feed was designed in a way that it inserts signals which are of same magnitude and phase to each antenna to create a broadside radiation pattern and also the inset feed method was used to match the impedance of feed network to the array input. The input impedance of the antenna was aimed to be 50 and since, the power splitting was done in parallel, the characteristic impedance of the transmission line was 100 . A quarterwavelength impedance transformer with 70.7 characteristic impedance was used to convert back to 50 [7, 8, and 9] . The insertion loss (SN1) obtained from the output port to the incoming port was about -7.5 dB and the return loss (S 11 ) was as low as -25 dB. Fig. 2(a) & 2(b) shows the directivity and gain radiation pattern at 0 0 < < 360 0 and =-90 0 and 0 0 at 0.27 THz respectively.
IV. MEASUREMENTS AND RESULTS The reflection co-efficient of the fabricated antennas was measured using an Agilent PNA Vector Network Analyzer with 220-325 GHz (H-band) OML heads. An ISS standard substrate was used to calibrate the PNA using the LRRM technique. Antennas were probed using 50 μm-pitch WR-03 waveguide Pico-probes. The integrated antennas chip was placed on a thick quartz spacer to eliminate any possible parasitic substrate modes caused by the metal chuck.
The simulated and measured reflection coefficient of the 4×1 array antenna is shown in fig 3. Here, the observed reflection coefficient was as low as -37 dB and -41 dB for simulated and measured respectively. The measured reflection coefficient shows a -10 dB bandwidth of 32 GHz from 259 GHz to 291 GHz, presenting a relative bandwidth of 11.6%. The directivity and gain of the suggested 4×1 array antenna was as high as 11.2 dB and 5.2 dB respectively.
V. CONCLUSION In this paper, for the first time an array patch antenna on GaN-on-LR Si substrates ( < 40 .cm) technology is simulated, fabricated and measured at H-band frequencies (220 to 325 GHz) which is compatible with Terahertz Monolithic Integrated Circuits (TMICs).
Low loss power combiners were developed and included as part of the THz array integrated antenna. To our knowledge, this is the first reported array patch antenna TMIC compatible technology operation at H-Band frequencies. The proposed integrated array antenna on BCB offers a promising technology for the integration of high RF performance active devices and high performance passive elements for the realization of TMIC technology. The developed technology is suitable for high performance III-V electronic material on low resistivity/high dielectric substrates. 
